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Abstract An experimental device for determining Young’s
modulus of polymer plates is presented. Two sets of polymer
blends were investigated. First samples were made of ethylene
propylene diene (EPDM), high density polyethylene (HDPE),
and meleic anhydride grafting on polyethylene (PE-MA) re-
inforced with glass fiber. The second set of samples was made
of low density polyethylene (LDPE) reinforced with nylon
fiber. Young’s modulus of a circular polymeric plate under
biaxial stress was determined by measuring its out-of-plane
displacement. This test is also known as bulge test. Values of
Young’s modulus of the polymer plates were compared to
those obtained from standard uniaxial tensile tests. Biaxial
stress causes tension in all internal reinforcing fibers of the
samples, in contrast tensile tests that cause tension mainly in
fibers aligned with the applied force. Out-of-plane displace-
ment was measured applying a laser triangulation setup based
on a projected laser line and a CCD camera. A mathematical
model for plates under the bulge test was then used in Young’s
modulus calculations using out-of-plane displacement and
plate dimensions. It is proved that the bulge test is more

sensitive to reinforcement fiber compared to the standard uni-
axial tensile test.

Keywords Polymeric plate . Young’s modulus . Laser
triangulation . Elasticity . Structured light . Bulge test

Introduction

Reinforced polymers are light weight and durable structural
composite materials [1]. To improve the reliability of fiber
reinforced polymers their mechanical properties must be de-
termined. A bulge test is proposed for determining Young’s
modulus and stress–strain curves under biaxial stress condi-
tion. We tested two polymer blends which are used in the
automotive industry. The first polymer blend was made of
ethylene propylene diene terpolymer (EPDM) and high den-
sity polyethylene (HDPE) reinforced with short glass fiber.
The EPDM/HDPE reinforced blend is used on seals of auto-
motive windows and as insulating material for automotive
electric cables. The second polymer blend was made of low
density polyethylene (LDPE) with Nylon 6 as a reinforcing
fiber. The LDPE/Nylon blend is used to manufacture automo-
tive interior parts. Conventionally, Young’s modulus and
stress–strain curves are obtained from uniaxial tensile tests
[2, 3]. Biaxial stress condition is close to daily use conditions
of cable insulation and automotive interiors; therefore, the
bulge test is considered to be suitable for measuring Young’s
modulus and stress–strain curves for these materials.

Young’s modulus of polymers is determined mainly by
standard uniaxial tension tests, in the form of straight-sided
and dumbbell-shaped test specimens [2–4]. Straight-sided
specimens with tabbed configurations require careful adhesive
selection and special specimen preparation. Certain laminated
layups are prone to edge delamination which can affect tensile
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strength results. Dumbbell-shaped test specimens have stress
concentration at the radius [4]. As an alternative, the bulge test
is used for determining the mechanical properties under biax-
ial tension conditions with small bending component [5].
Among the different test methods for Young’s modulus deter-
mination, the bulge test has become popular for sheet metal
[6–9], thin films [10–13], polymers [14–28], and biological
materials [29]. In comparison to uniaxial tests, higher strain
values can be achieved by bulge tests [7, 16] and the maxi-
mum strain obtained in uniaxial tensile test before necking is
relatively small [6].

The bulge test has been successfully applied [6, 9, 12,
15–24, 26–29] and differences have been observed in
comparison with uniaxial tests. This test is suitable for
investigating polymer blends for large biaxial plastic de-
formation prior to failure [16]. Currently, it has been
applied for determining stress–strain curves [9, 16, 29],
pressure versus out-of-plane displacement curves [20,
29], Young’s modulus [28], changes of plate thickness
[23, 29], radius of curvature [29], hyperelastic model
parameters [24], strain distribution [22], mechanism of
bursting [26], transient surface shapes [19], anisotropy
coefficients [6], thermally induced changes [14, 25, 27]
and mechanical properties of biological tissues [30]. The
results presented by many researchers show good agree-
ment with theoretical values and with other methods of
testing, such as biaxial extension and uniaxial tension.

In this paper we present the results for determining
Young’s modulus using the bulge test. These results were
compared with those from uniaxial tests for the same ma-
terials. Two sets of samples were prepared. The first set of
samples was made of ethylene propylene diene terpoly-
mer (EPDM), high density polyethylene (HDPE), and
meleic anhydride grafting on PE (PE-MA) reinforced with
short glass fiber. The short glass fiber proportions in the
polymer blends were 0, 2.2 and 6.9 % given in gravimet-
ric proportion. The second set of samples was made of
low density polyethylene (LDPE) with Nylon 6 as a rein-
forcing fiber. The Nylon 6 fiber proportions in the poly-
mer blends were 0 and 20 % given in gravimetric propor-
tion. Laminated samples about 1.5 mm thick were pre-
pared for the bulge tests. The laminated samples were
mounted on an air pressure chamber. Air pressure was
applied to a sample of 80 mm in diameter.

For this research a laser triangulation technique was
implemented to measure the out-of-plane displacement
of a sample plate. The accuracy of laser triangulation sys-
tems has been previously reported to be between 10 and
15 μm [31, 32]. This system consisted of a CCD camera
with focus lenses and a laser line diode. The laser line is
projected to the target and the diffuse reflection of the
target is collected by the camera’s focus lenses. The
projected laser, that is, the reflected laser light to the

camera and the imaginary line between the camera and
the laser diode form a triangle. The camera’s lenses focus
an image of the reflected laser line on the sensor array of
the camera. The position of the reflected laser line, into
the image, changes with the distance to the target. This
system was calibrated by the methodology proposed by
Bouguet using the camera calibration toolbox [33, 34]
from Matlab and was scaled using a reference standard
calibration block as a reference for height [35].

Some applied measuring methods for out-of plane dis-
placement in the bulge test are photogrammetry [9, 17,
18], digital image correlation [10, 16, 14, 21], interfer-
ometry [12], laser triangulation [19], fringe projection
[11, 20], and stereo vision [24]. The most accurate mea-
suring method is interferometry since the resolution is, at
least, half of the laser wavelength. Photogrammetry com-
mercial systems are frequently used in bulge test, of
which manufacturers declare a strain resolution of
0.005. Fringe projection techniques that use phase-
shifting methods for fringe analysis provide high resolu-
tion, however it requires multiple images which restricts
their scope of applicability to static objects [36]. Spatial
fringe analysis methods allow the technique to be appli-
cable for real-time 3D measurements but at the cost of
resolution [36]. In the present paper it is desirable to
measure the out-of-plane displacement as quickly as pos-
sible in order to reduce viscoelastic effects. Using the
selected triangulation technique 3.3 frames/s can be ana-
lyzed and, as a result, the out-of plane displacement is
obtained from a whole diametrical line where the laser
impinges. Full field measurement is not essential since
reinforcement fiber is randomly oriented and anisotropy
is not expected.

The stiffness of reinforced polymer blends has been
investigated under uniaxial tension and biaxial stress con-
ditions by the bulge test. Glass fiber increases the stiffness
of EPDM/HDPE polymer blends. EPDM/HDPE samples
with 0 and 2.2 % have nonsignificant differences on uni-
axial Young’s modulus. Biaxial Young’s modulus is more
sensitive to glass fiber content than uniaxial Young’s
modulus. Nylon fiber increases the stiffness but embrittle
the LDPE. Manufacturing and handling of reinforced
LDPE samples is difficult, which causes the increment
of standard deviation of uniaxial Young’s modulus. Uni-
axial and biaxial tests have good agreement in the range
tested for LDPE samples.

Materials and Methods

Two types of polymer blends were prepared. The first
polymer blend was made of ethylene propylene diene ter-
polymer (EPDM), high density polyethylene (HDPE), and
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meleic anhydride grafting on PE (PE-MA) reinforced with
short glass fiber. The second polymer blend was made of
low density polyethylene (LDPE) with Nylon 6 as a rein-
forcing fiber.

Preparation of Sample Plates ReinforcedWithGlass Fiber

The components of the sample plates reinforced with
glass fiber were: EPDM supplied by Dow Chemical
Company under the trade name Nordel IP 4725P with
70 % of ethylene and 5 % of ethilidene norbornene,
HDPE supplied by PEMEX under the trade brand
PADMEX 56035, and PE-MA supplied by DuPont under
the trade brand fusabond EMB-265D. All of these mate-
rials were used as supplied. The polymer plates were
reinforced with glass fiber. Glass fiber, with 25 μm in
diameter, was crushed in a blade mill equipped with a
1 mm mesh. The glass fiber was mixed with EPDM,
HDPE and PE-MA in the proportions specified in Ta-
ble 1. The polymer blend was extruded to make pellets
about 4 cm in length and 3 cm in diameter. The pellets
were then crushed in a mill with a 3 mm mesh. The
crushed pellets were melted and injected in a mold to
make squared plates of 15 cm along a side and about
1.5 mm thick. PE-MA eases incorporation of reinforce-
ment fiber to the blend and increases energy require-
ments for manufacturing.

Preparation of Sample Plates Reinforced With Nylon

The components of the sample plates reinforced with nylon
were LDPE and nylon 6. LDPE is the soft matrix and nylon 6
is the rigid part. Nylon pellets were dried at 80 °C during 4 h.
LDPE and nylon 6 were mixed, extruded and pelletized. Pel-
lets were used to make laminated plates of 15 cm along a side
and about 1.5 mm thick. Table 2 shows the composition of the
nylon reinforced samples.

Biaxial Load Application and Measurement
of Out-of-Plane Displacement

Pressurized air was applied to a pressure chamber by
means of a proportional pneumatic regulator Festo
MPPE-3-1/4-10-0108 which supplied a pressure of 100
kPa/V. The pneumatic regulator provides a constant pres-
sure with a standard deviation about 200 Pa, manufactur-
er declares a maximum hysteresis of 5 kPa. A direct
current voltage was applied to the pneumatic regulator
with DC power supply Sorensen XDL 35-5P. The pres-
sure of the chamber was measured with a Festo transduc-
er SDE-10-10 V/20 mA. The voltage output of the trans-
ducer was measured and recorded with a NI USB 6008
data acquisition board. The sample plate was fastened

with a metal ring with 80 mm inner diameter. Figure 1
shows a scheme of the experimental setup.

A laser triangulation system was used to measure the
out-of-plane displacement of the plate. The measurement
system consisted of a CCD camera Marlin F145 with a
focus lens array of 8 mm / F 1.4 and a Lasiris SNF laser
line generator. The camera Marlin F145 has a CCD with
1392×1040 pixels in resolution. The Lasiris SNF laser
emits red light line at 660 nm with 1 mW power, see
Fig. 2.

The camera was calibrated using the Bouguet’s camera
calibration toolbox for Matlab [33] with a 5 mm square grid
board. After calibration, the extrinsic parameters A and the
intrinsic parameters Icwere obtained. The transformation from
the real world to image is the transformation matrix M, see
equation (1).

M ¼ ICA ¼

f

hx
0 uo

0
f

hy
vo

0 0 1

2
6664

3
7775

r11 r12 r13 tx
r21 r22 r23 ty
r31 r32 r33 tz

2
4

3
5

¼
m11 m12 m13 m14

m21 m22 m23 m24

m31 m32 m33 m34

2
4

3
5 ð1Þ

where matrix IC defines the focal length f and the principal
point (uo,vo), which is the intersection of the principal axis
with the image plane. The variables hx and hy are the dimen-
sions of the camera’s pixels [37]. The elements Ic(1,1) and
Ic(2,2) are the focal length expressed in pixels. The matrix A
defines the relative position of the reference system in the
focal point relative to the reference system in the world, by
means of a rotation and a translation, see Fig. 3.

A 50 mm reference standard calibration block was used as
a height reference for determining of the laser propagation

Table 1 Composition of glass fiber reinforced samples

Sample EPDM (%)a HDPE (%)a PE-MA (%)a Glass fiber (%)a

1 76.9 23.1 0.0 0.0

2 69.0 20.7 3.4 6.9

3 72.5 21.7 3.6 2.2

a Gravimetric proportion

Table 2 Composition of
nylon reinforced samples Sample LDPE (%)b Nylon 6 (%)b

4 100 0

5 80 20

bGravimetric proportion
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plane. The coefficients of the equation of the laser propagation
plane (b1, b2, b3 and b4) and the transformation matrix M
were used for the transformation between image plane coor-
dinates (ui,vi) and real world coordinates (Xi,Yi,Zi), see equa-
tion (2) [35].

X i
Y i

Zi

" #
¼

b1 b2 b3
m11−uim31 m12−uim32 m13−uim33

m21−vim31 m22−vim32 m23−vim33

2
4

3
5
−1 −b4

− m14−uim34ð Þ
− m24−vim34ð Þ

" #

ð2Þ

Biaxial Stress–Strain Curve and Young’s Modulus

Sample plates were clamped to the pressure chamber as
shown in Figs. 1 and 2. Air pressure was applied to the

pressure chamber and the samples were deformed into a
spherical shape. Tests were performed at room tempera-
ture, which was about 23 °C. Out-of-plane displacement
hi was measured with a laser triangulation system, see
Fig. 2.

Figure 4 shows a clamped circular plate with uniform load-
ing pressure p, equation (3) is widely used for calculation of
biaxial stress σb at the point of maximum displacement ‘O’,
which is named the pole [7, 8, 16, 18, 22–24]. Equation (3) is
known as the equation of Laplace for clamped circular plates.

σb ¼ pR

2 s
ð3Þ

where p is the pneumatic pressure, R is the radius of curvature
of the deformed sample plate, and s is the thickness at the pole.
Considering the geometry of the deformed plate, the radius R
is given by equation (4) [16, 29].

R ¼ a2 þ h2

2h
ð4Þ

where a is the radius of the circular sample, h is the out-
of-plane displacement at the pole. The thickness at the

Fig. 1 Experimental setup

Fig. 2 Displacement measuring system

Fig. 3 Intrinsic and extrinsic parameters [37]

Fig. 4 Circular plate loaded with a uniform pressure p
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pole decreases as the out-of-plane displacement increases.
Equation (5) was used to calculate the plate thickness at
the pole [16, 29].

s ¼ s0 1þ h2

a2

� �−2

ð5Þ

where so is the initial thickness. The radius of the
manufactured sample was 40 mm and the initial thickness
was abou t 1 .5 mm for a l l samples . Assuming
incompressibility of the sample plate the biaxial strain at
the pole was calculated with equation (6) [16, 29].

εb ¼ ln 1þ h2

a2

� �
ð6Þ

An approximation of experimental data of pressure
and out-of-plane displacement at the pole is performed
by a power fit. The least squares method is used for

determining the coefficient A and the exponent b of
the power equation, see equation (7).

h ¼ Apb ð7Þ

where h is out-of-plane displacement at the pole and p is air
pressure values within the range tested. From h and p are
calculated biaxial stress and biaxial strain values using equa-
tion (3) thru equation (6). The determination of Young’s mod-
ulus for biaxial stress condition is done by equation (8).

Eb ¼ σb

εb
ð8Þ

In Fig. 5 is presented the procedure followed for determin-
ing the biaxial stress–strain curve and Young’s modulus. This
procedure consisted of the following steps:

– The experimental setup in Fig. 1 was used to measure
data sets of pressure pi and out-of-plane displacement hi.

– By least squares method, the former data sets were fitted
by a power equation, see equation (7). Once known equa-
tion (7) a pressure data set p was proposed within the
range tested and a data set h was calculated.

– The curvature of deformed sample plate, the data set R,
was calculated using initial values of sample radius a and

Fig. 5 Procedure for determining Young’s modulus under biaxial
conditions

Table 3 Sample dimensions values [2]

Dimension Value (mm)

W-Width of narrow section 3.3

Wo-Width of grip section 9.4

G-Gage length 8

L-Length of reduced section 12

D-Distance between grips 25

LO-Over-all length 55

T-Thickness 1.2 - 1.6

R-Radius 13

Fig. 6 Tensile testing machine

Fig. 7 Designation of sample dimensions
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out-of-plane displacement data set h. Equation (4) was
applied.

– A data set of thickness at the pole s was calculated using
initial values of sample radius a, initial sample thickness
so, and out-of-plane displacement data set h. Equation (5)
was applied.

– A data set of biaxial stress σb was calculated from pres-
sure data set p, curvature data set of deformed sample
plate R, and data set of thickness at the pole s. Equation
(3) was applied.

– A data set of biaxial strain εbwas calculated from the out-
of plane displacement data set h and the sample radius a.
Equation (6) was applied.

– The Young’s modulus for biaxial stress condition was
calculated from the data sets of the biaxial stress σb, and
the biaxial strain εb. Equation (8) was applied.

Uniaxial Test

A tensile test was performed with an INSTRON testing ma-
chine model 5565. The test was performed according to the

D638-10 ASTM standard. The dimensions were according to
type V specifications, obtained from die-cut, see Table 3 and
Fig. 7 for dimensions of the die-cut samples. The tests were
performed at a strain rate of 5 mm/min at room temperature, as
seen in Fig. 6. Five coupons of sample 3 and eight coupons of
all other samples were prepared and tested.

The strain was considered as the change in grip sepa-
ration relative to the original grip separation. The
Young’s modulus was calculated dividing the stress by
the corresponding strain. All Young’s modulus values
were computed using the average original cross sectional
area at the gage length segment of the sample, referred
as G in Table 3 and Fig. 7.

In the uniaxial stress–strain curves were identified toe
regions which typically did not represent a property of
the material. Those were deviations caused by a take-up
of slack and alignment of the sample. In Fig. 9(a) the
AC line defines the toe region, where C is the inflection
point. The tangent at the inflection point is extended to
intersect the strain axis at point B, which defines the
corrected zero-strain point [2]. Using point B as zero
strain, the Young’s modulus at any point on the curve,

Fig. 8 Raw data and out-of-plane
displacement vs. pressure
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was calculated as the stress divided by the strain as
shown in equation (9).

Eu ¼ σu

εu
ð9Þ

Results

Biaxial Test Results

The raw data from the laser triangulation system is shown in
Fig. 8(a). A second degree polynomial fit was applied to each
set of raw data to get the out-of-plane displacement at the pole
hi. The sampling frequency of the out of plane displacement at
the pole was 3.3 samples/s. The reference plane was established
from an average position of the sample plate before air pressure
application, see Fig. 8(a). A power fit is applied to get a relation
between the applied pressure and the out-of-plane displace-
ment, see Fig. 8(b) to f). The coefficients of determination,
for power fit, are bigger than 0.97 for all samples.

Uniaxial Test Results

Figure 6 shows the INSTRON testing machine model 5565, it
was used to test samples under uniaxial stress conditions. Five

coupons of sample 3 and eight coupons of all other samples
were prepared and tested. Figure 9 a) shows raw data in a
graphic representation of stress versus raw strain where the
elements for the toe correction are shown. Raw data is fitted
by a third degree polynomial in order to identify the inflection
point. The tangent at the inflection point intersects the raw
strain axis at point B, this intersection defines the toe correc-
tion from point A to point B. Toe correction is calculated for
each measurement repetition and subtracted from raw strain.
Additionally, in Fig. 9(b) to f), five graphs of stress–strain
curves after toe correction are shown. One average curve is
calculated by means of a linear interpolation of each curve at
discrete values of strain.

Experimental Comparison Between Uniaxial and Biaxial
Tests

The behavior shown in all stress–strain curves is typical of
rubber-like polymers, since no linear behavior is shown and
the Young’s modulus decreases as strain increases. Figure 10
shows the average curves of five tensile tests and the upper
and lower limit according to the standard deviation of the
uniaxial tests results. The bulge test results are presented in
the same Fig. 10. Young’s modulus results of sample 1 show
differences from 3 to 10MPa in the range from 0.02 up to 0.10

Fig. 9 Toe correction and stress–
strain curves
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of strain, where biaxial test results are lower than uniaxial, see
Fig. 10(a). Young’s modulus results, of samples 2 and 3, show
differences of 6 and 4 MPa respectively, see Fig. 10 (b) and
(c). For samples 2 and 3, uniaxial Young’s modulus presents
steady values in the range of 0.02 to 0.04 of strain, while
biaxial Young’s modulus decays. Samples 4 and 5 show good
agreement between uniaxial and biaxial results, since biaxial
results are in between the limits defined by the standard devi-
ation of uniaxial Young’s modulus, see Fig. 10(d) and (e).

Sample 2 has the highest Young’s modulus of
EPDM/HDPE glass fiber reinforced blends. According to uni-
axial test results, sample 1 and sample 3 have about the same

stiffness since average uniaxial Young’s modulus changes
from 34.0 to 26.6 MPa for sample 1 and changes from 32.6
to 25.8 MPa for sample 3, see Fig. 10(a) and(c) . Uniaxial
Young’s modulus of sample 2 changes from 38.7 to
29.9 MPa. Biaxial test results show a different behavior for
the same EPDM/HDPE glass fiber reinforced blends. Biaxial
results at low strain show an increment of Young’s modulus as
the glass fiber content increases. Organizing from the highest
glass fiber content to the lowest, sample 2 has a Young’s
modulus of 45.3 MPa, sample 3 has 38.1 MPa, and sample
1 has 29.9 MPa, all modulus at strain of 0.02, see Fig. 10(a),
(b) and (c). As strain increases, the biaxial Young’s modulus
tends approximately to the same value, in spite of the glass
fiber content, see Table 4.

Nylon fiber increases the Young’s modulus of LDPE. Uni-
axial Young’s modulus changes from 98.6 to 82.8 MPa for
sample 4 and changes from 159.6 to 142 MPa for sample 5,
see Fig. 10(d) and (e). Biaxial Young’s modulus show good
agreement with uniaxial test results for strain values above
0.04. Below strain values of 0.04 biaxial Young’s modulus
is higher than uniaxial results, see Table 4. Nylon fiber
increases the stiffness but embrittle the LDPE. The
manufacturing and handling of nylon reinforced LDPE
is difficult. High standard deviation of uniaxial results
is a consequence of sample brittleness.

Fig. 10 Comparison of uniaxial
test and biaxial test results

Table 4 Young’s modulus results

Uniaxial Young’s modulus Biaxial Young’s modulus

Sample εu=0.02 εu=0.11 εb=0.02 εb=0.10

1 34.0 MPa 26.6 MPa 29.9 MPa 23.2 MPa

2 38.7 MPa 29.9 MPa 45.3 MPa 27.4 MPa

3 32.6 MPa 25.8 MPa 38.1 MPa 25.3 MPa

εu=0.02 εu=0.08 εb=0.02 εb=0.08

4 98.6 MPa 82.8 MPa 113.4 MPa 89.0 MPa

εu=0.02 εu=0.06 εb=0.02 εb=0.05

5 159.6 MPa 142.4 MPa 193.5 MPa 145.3 MPa
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Conclusions

The stiffness of reinforced polymer blends has been investi-
gated under uniaxial tension and biaxial stress conditions by
the bulge test. Experimental results of Young’s modulus have
been compared and the influence of reinforcing fiber has been
identified. Glass fiber increases the stiffness of EPDM/HDPE
polymer blends. EPDM/HDPE samples with 0 and 2.2% have
nonsignificant differences on uniaxial Young’s modulus. Bi-
axial Young’s modulus is more sensitive to glass fiber content
than uniaxial Young’s modulus. Nylon fiber increases the
stiffness but embrittle the LDPE. Manufacturing and handling
of reinforced LDPE samples is difficult, which causes the
increment of standard deviation of uniaxial Young’s modulus.
Uniaxial and biaxial tests have good agreement in the range
tested for LDPE samples.
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